The potential involvement of reactive oxygen species in the expression ofgenes involved in immune response was examined in mesangial cells. Tumor necrosis factor (TNF-a) and aggregated (aggr.) IgG increased mRNA levels for the monocyte chemoattactant protein, JE/MCP-1, and the colony-stimulating factor, CSF-1. Scavengers for free radicals such as di-and tetra-methylthiourea (DMTU and TMTU) attenuated the increase in mRNA levels in response to TNF-a and aggr. IgG. Generation of superoxide anion by xanthine oxidase and hypoxanthine increased mRNA levels of these genes, but exogenous H202 did not. Addition of NADPH to activate a membranebound NADPH-oxidase generated superoxide and caused a dose-dependent increase in mRNA levels and further enhanced the stimulation by TNF-a or aggr. IgG. An inhibitor of NADPH-dependent oxidase 4'-hydroxy-3'-methoxy-acetophenone attenuated the rise in mRNA levels in response to TNF-a and aggr. IgG. By nuclear run-on experiments TNF-a, aggr. IgG and NADPH increased the transcription rates for JE/MCP-1 and CSF-1, effects inhibited by TMTU. We conclude that generation of reactive oxygen species, possibly by NADPH-dependent oxidase, are involved in the induction of the JE/MCP-1 and CSF-1 genes by TNF-a and IgG complexes. The concerted expression of leukocyte-directed cytokines represents a general response to tissue injury. (J. Clin.
Introduction
Cytokines play a major role in tissue injury and repair. These processes also involve the participation of monocyte-macrophages. Recently a number of monocyte-specific cytokines have been described and include the monocyte colony-stimulat-ing factor (CSF-1), 1 and the monocyte chemoattractant protein (MCP-l1) ( [1] [2] [3] [4] . MCP-l was identified as the product ofa gene belonging to the small, inducible cytokine family, known in the murine system as the JE gene (5) (6) (7) (8) (9) . CSF-l is a cytokine required for the proliferation, maturation, activation, and survival of monocytes ( 1, 10) . Expression of the JE/MCP-l and CSF-l genes can be rapidly induced by a number of agents, including LPS, PDGF, TNF-a, I1-1, and IFN-,y (2, 4, 6 , 1 1-21 ). We recently described that occupancy of Fc receptors by IgG aggregates resulted in rapid expression of mRNA for and secretion of JE/MCP-I and CSF-l in cultured mouse mesangial cells (22) . Mesangial cells (MC) represent modified vascular smooth muscle cells that fulfill the function of specialized pericytes within the glomerulus of the kidney (23) . MC also play a role in glomerular injury, where influx and activation of monocyte-macrophages is important and local generation of MCP-l and CSF-I could contribute to this phenomenon (22, 24, 25) .
The cellular signaling mechanisms for induction of JE/ MCP-l and CSF-l remain to be fully defined. While we have described that cAMP suppresses both basal and stimulated expression of both CSF-l and JE/MCP-1 (26) , the second messenger systems for the upregulation of these genes remain unclear. Recently it has been proposed that oxygen radicals may serve as second messenger system for gene activation, especially for genes under the regulation ofthe transcription factor NF-KB (27) (28) (29) . The potential for generation of oxygen radicals by membrane-bound NADPH-dependent oxidase systems may be present in many cell types, among them MC (30, 31) . Both TNF-a and IgG complexes are known stimulators of reactive oxygen species generation in MC (32) (33) (34) . We therefore examined whether generation of free radicals could represent a second messenger system for induction of JE/MCP-1 and CSF-1 in mouse MC. Our results show that addition of scavengers for free radicals can attenuate expression of mRNA levels for these genes under basal conditions and after stimulation with TNF-a or IgG aggregates. In contrast, exogenous NADPH enhances basal and stimulated mRNA levels for JE/ 1. Abbreviations used in this paper: aggr., aggregated (IgG); CSF, colony-stimulating factor; DMTU, dimethyl-thiourea; HMAP, 4'-hydroxy-3'-methoxy-acetophenone; MC, mesangial cell; MCP, monocyte chemoattractant protein; NAC, N-acetyl-L-cysteine; PDTC, pyrrolidone-thiocarbamate; TES, N-Tris (hydroxymethyl) methyl-2-aminoethanesulfonic acid, pH 7.4; TMTU, tetramethylthiourea.
MCP-1 and CSF-l effects attenuated by inhibition of NADPH-dependent oxidase. These changes in mRNA levels are at least in part due to altered transcriptional rates. Thus reactive oxygen species generation, in part NADPH-dependent, may represent a second messenger system for induction of JE/MCP-l and CSF-l expression not (36) . In preliminary experiments we established that the responses of these transformed mouse MC to TNF-a and IgG in terms of expression of JE/MCP-I and CSF-I were comparable to primary cultures of mouse MC, used in our previous experiments (22, 26) . The mMC were maintained in DME medium with 1% Pen-Strep and 2.5% FCS with twice weekly feedings in a 95% air, 5% CO2 atmosphere. Cells were passaged at weekly intervals by harvesting with 0.25% trypsin, I mM EDTA solution.
Measurement ofsuperoxidegeneration. For measurement ofsuperoxide generation, MC were cultured in 96-well plates and superoxide generation was determined as described by Pick and Mizel (37) . In brief, culture media were removed and replaced by Earle's balanced salt solution (0.1 ml) containing ferrichrome c (50 ;1M) with or without the experimental agents indicated in Results. Parallel wells received in addition superoxide dismutase (300 U/ml). Appropriate blanks, i.e., wells without cells but containing the buffer with or without experimental agents, were run for each assay. Absorbance was read at 550-nm wavelength in a Multiskan reader (Flow Laboratories) after 0, 15, and 30 min of incubation and, after subtraction of the respective blanks, were converted to superoxide generated as described (37) .
Northern blots. Total RNA was extracted from cultured cells by the method of Chomczynski and Sacchi (38) . Aliquots (20 ug) of total RNA were treated with glyoxal/DMSO, electrophoresed in 1.0% agarose gel along with RNA size standards (GIBCO/BRL, Gaithersburg, MD), and then transferred to nylon filters (gene screen, New England Nuclear, Boston, MA)( 39). The cDNA probes were used for hybridization after [32p] dCTP labeling by random oligonucleotide priming (40 (41 ) .
After hybridization, the membranes were washed twice in 20 ml of 2x SSC for 1 h at 65°C. Unhybridized RNA was then digested in 8 ml of 2x SSC containing 8 (22, 26) . Both TNF-a and IgG complexes also enhance free oxygen radical formation by cultured MC (32) (33) (34) . We therefore examined whether scavengers for free radicals such as dimethyl and tetra-methylthiourea (DMTU and TMTU) (42) could influence mRNA levels. As shown in Fig. 1 , both DMTU and TMTU decreased mRNA levels for CSF-1 and JE/MCP-1 in response to either TNF-a or aggr. IgG. Equimolar urea, used as a nonscavenger control, had no effect. TMTU also suppressed the induction by cycloheximide (Fig. 1) . Neither DMTU or TMTU influenced expression of GAPDH, a housekeeping gene, indicating that these agents did not suppress mRNA expression nonspecifically.
Reduced gentathione and glutathione peroxidase represent a major intracellular defense system against oxygen-derived free radicals (43) . Addition of N-acetylcysteine (NAC) to cells increases intracellular glutathione levels (44 MC by 40% from 89±6 nmol/mg protein to 137±20 (45) . Addition of NAC consistently blunted the increase in mRNA for JE/MCP-I and CSF-l in response to TNF-a (Fig. 2 A) . In contrast, NAC did not decrease mRNA levels in response to aggr. IgG (Fig. 2 A) . Another thiol compound and radical scavenger, pyrrolidone-dithio-carbamate (PDTC) has been shown to inhibit the TNF-a-induced activation ofthe transcription factor NF-KB in several cell lines (27) (28) (29) . In MC, addition ofPDTC (0.1 mM) reduced mRNA levels for JE/MCP-1 in response to TNF-a and IgG (Fig. 2 B) . However at the concentration of 0.1 mM PDTC did not decrease mRNA levels for CSF-1 in response to
either TNF-a or IgG (Fig. 2 B) . Even at 1 mM PDTC did not influence mRNA levels for CSF-1 (results not shown). Thus regulation of the CSF-1 gene appears to differ in respect to susceptibility to PDTC inhibition.
Generation ofsuperoxide does, but H202 does not increase mRNA levelsfor JE/MCP-I and CSF-1. Taken together, these results show that scavengers of free radicals can attenuate the expression ofJE/MCP-l and CSF-1 in response to TNF-a and aggr. IgG, which could indicate that free radicals are involved in the intracellular signaling. We therefore examined whether exogenous reactive oxygen species could also enhance mRNA levels for these genes. Direct addition of 50 or 100 ,uM H202 to MC had no effect on mRNA levels (Fig. 3 A) . In contrast generation of superoxide by the addition of xanthine oxidase and hypoxantine increased mRNA levels for JE/MCP-l and CSF- (Fig. 3 B) . Heat-inactivation of xanthine oxidase attenuated this response. PDTC decreased the increase in mRNA for JE/MCP-but not CSF-1 in response to xanthine-oxidasehypoxanthine (Fig. 3 B) , comparable to PDTC's effect on the TNF-a and aggr. IgG response (Fig. 2 B) . NADPH increases mRNA levelsfor JE/MCP-J and CSF-I effects attenuated by radical scavengers and an inhibitor of NADPH-dependent oxidase. The generation ofoxygen free radicals by MC has been linked to a membrane-bound NADPHdependent oxidase system (31 ) . This system could be stimulated by addition ofNADPH to the extracellular medium (31 ), findings confirmed by us (Table I) . We therefore examined the effect of increasing concentrations of NADPH in the medium on mRNA levels. As shown in Fig. 4 A, addition of NADPH resulted in a dose-dependent increase ofmRNA for JE/MCP-l and CSF-1. The effect of NADPH was maximal at 5 mM and showed a decline at 10 mM. The reasons for the decline at 10 mM is unclear at present. NADPH (5 mM) not only increased mRNA levels under basal conditions, but also after stimulation with TNF-a or aggr. IgG (Fig. 4 B) . Consistent with NADPH acting via enhancement of free radical formation, the radical scavengers DMTU and TMTU prevented the rise in mRNA levels in the presence of NADPH (Fig. 4 C) . NADP, which is not a substrate for the NADPH-dependent oxidase, had no effect on the mRNA levels. These results are consistent with the proposal that free radical generation by a membranebound NADPH-dependent oxidase system contributes as a second messenger system to the induction of mRNA for JE/ MCP-1 and CSF-1. To further examine this hypothesis we used HMAP, an agent reported to be an inhibitor of the NADPH-dependent oxidase (46) . In order to verify that MC generated superoxide under our experimental conditions we determined superoxide production. As shown in Table I (Fig. 4 D) , further supporting a mediator role for superoxide anion generated by NADPH-dependent oxidase in the activation of these genes. NADPH, TNF-a, and IgG enhance transcription of JE/ MCP-J and CSF-J, effects blocked by the radical scavenger TMTU. Levels of mRNA for both JE/MCP-l and CSF-1 are regulated by transcriptional and post transcriptional mechanisms (2, 6, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . We used nuclear run-off assay technique to examine the transcriptional rates after incubation of MC with NADPH, TNF-a or aggr. IgG in the presence and absence of the radical scavenger TMTU. TNF-a and IgG both increased transcription for JE/MCP-l and CSF-1 (Fig. 5) . Pretreatment of the cells with 5 mM NADPH also resulted in enhanced transcriptional activity for both genes (Fig. 5) . TMTU decreased basal transcriptional activity for JE/MCP-I and CSF-l and attenuated the increase in response to NADPH, TNF-a or aggr. IgG (Fig. 5) . These results are consistent with changes in transcriptional activity contributing to the observed changes in mRNA levels. None ofthe experimental agents had an affect on transcription for ribosomal RNA or GAPDH.
Discussion
Our results show that scavengers of free radicals can suppress the expression of the JE/MCP-I and CSF-I genes in response to TNF-a or aggr. IgG in MC, whereas addition of exogenous NADPH increased their expression under basal and stimulated conditions. The stimulation of the gene expression is also attenuated by radical scavengers. Furthermore, a putative inhibitor of NADPH-dependent oxidase also attenuates the increase in mRNA for CSF-and JE/MCP-l in response to aggr. IgG or TNF-a. We therefore conclude that free radicals generated-at least in part-by an NADPH-dependent oxidase system can serve as second messengers for activation of the JE/MCP-1 and CSF-1 genes in response to TNF-a and aggr. IgG. transcription factors such as NF-KB (27) (28) (29) 44) . This hypothesis is supported by data showing that the activation of NF-KB by, e.g., TNF-a is blunted by NAC and PDTC (27, 28, 44) . NAC increases the intracellular glutathione content which serves as a major protectant against free radicals (43) . The thiol-containing PDTC also serves as a radical scavenger (27) . Trans-activation by the phorbol responsive transcription factor AP-1 could also be induced by oxygen radicals, but was not blocked by NAC (27) . The mechanism(s) of the free radical generation may involve a membrane-bound NADPH-dependent oxidase that appears to be present in many cell types (30) . Furthermore, a membrane-bound NADPH-oxidase system was described in MC and addition of exogenous NADPH enhanced superoxide generation in response to stimuli (31 ) . Generation ofsuperoxide in response to, e.g., TNF-a and IgG complexes has also been reported for MC (32, 34) , results confirmed in our present studies with mouse MC. Furthermore, our studies show that HMAP, a putative inhibitor of the NADPH-dependent oxidase system (46) (43) . Addition ofNAC can increase the intracellular glutathione levels and thereby enhance the radical scavenging potential of cells (27, 44) . Previous studies had reported that NAC as well as the radical scavenger PDTC are able to reduce the activation of NF-KB in response to TNF-a (27, 44) . Consistent with these reports and our results with the scavengers TMTU and DMTU, addition of NAC and PDTC also diminished the increase in mRNA for JE/MCP-l in response to TNF-a. However, PDTC did not alter mRNA levels for CSF-I, in spite of inhibition by TMTU and DMTU. This may indicate that CSF-1 expression is regulated in a different manner than JE/MCP-1. Results with NAC were also divergent. NAC did not reduce the mRNA response ofCSF-I to aggr. IgG but suppressed that in response to TNF-a. This would indicate that the intracellular signaling in response to TNF-a or to aggr. IgG involves, at least in part, different pathways. We speculate that the effect of aggr. IgG via Fc receptors on gene activation may involve several signaling systems and transcription factors, that are differentially influenced by NAC. For example, the AP-l transcription factors require reduced glutathione in order to effectively bind to and initiate DNA transcription (47) , and phorbol ester activation ofAP-1 was not inhibited by NAC in the studies of Schreck et al. (27) . IgG receptor occupancy results in both generation of oxygen radicals and activation of protein kinase C pathway (34, 48) , while the effect of TNF-a on gene activation appears to be kinase C independent (49) . Thus, in response to aggr. IgG, NAC will decrease the free radical pathway but have no effect or may even increase the protein kinase C and AP-1 pathway. This could explain the absence of an inhibitory effect of NAC on mRNA levels in response to IgG. In the case of signaling via free radicals without contribution by kinase C, as might apply to TNF-a, NAC would markedly reduce the mRNA response, as was indeed observed. It is clear that additional experiments will be required to address these issues.
The mechanism for the increase in mRNA levels for JE/ MCP-l and CSF-l in response to TNF-a, aggr. IgG, and NADPH involves enhanced transcription as demonstrated by the nuclear run-on experiments. The run-on experiments also show that the decreases in mRNA for JE/ MCP-1 and CSF-1 in the presence of the radical scavenger TMTU are primarily due to lower transcriptional activity. However, both the JE/MCP-1 and CSF-1 gene contain AUUUA rich sequences in their 3' untranslated regions that have been associated with instability of mRNA (50) . Thus the possibility of additional post-transcriptional regulation ofthese mRNA species has to be considered. Our present experiments did not address this possibility. However the down-regulation ofmRNA levels by radical scavengers does not require de novo protein synthesis as it was also observed in the presence ofcycloheximide, which superinduces both the CSF-I and JE/ MCP-I genes ( 1 1, 16 ). This finding is consistent with the observation by Schreck et al. (27) , who noted that NAC also decreased the effect of cycloheximide to activate NF-KB.
Free radicals could influence transcription by activation of transcription factors. For example, activation of NF-KB has been shown to occur in response to a number of stimuli, including free radicals, TNF-a, and cycloheximide and results in the inducible expression of a number of genes ( 51 ). Both the murine CSF-1 and the human MCP-1 gene contain NF-KB binding sites ( 18, 52) . Furthermore, it has been proposed that NF-KB may act as a signal for cell distress in response to many adverse conditions (51 ) . Activation of NF-KB would coordinate the generation of numerous products, including cytokines and intercellular adhesion molecules, that are important for tissue defense, remodeling, and inflammation (29, 5 1 ). Generation of MCP-1 would certainly fit into this overall picture.
The fact that cytokines can be regulated by free radical generaOxygen Radicals and Gene Expression 1569 tion is ofparticular interest as hypoxia-reperfusion and inflammatory injury are associated with increased generation of free radicals. Local generation of oxygen radicals could represent a factor responsible for the expression ofJE/MCP-l in ischemic renal injury, reported by Safirstein et al. (53) , and in immunemediated in vivo MC glomerulonephritis (25, 54) . In the case of glomerular immune injury, triggers for reactive oxygen species generation could include TNF-a (32), immune complexes (22) , and complement (55) . While generation of large amounts offree oxygen radicals may play a major role in tissue injury, regulated generation of low concentrations of oxygen radicals, possibly by NADPH-oxidase, may represent a second messenger system for generation ofcytokines involved in tissue injury and repair in general.
